According to the neurodevelopmental hypothesis, subtle cognitive deficits emerge years before adult schizophrenia becomes manifest.^[@R1],[@R2]^ Pre-existing deficits have been documented in children who later develop schizophrenia, but their developmental course remains unclear.^[@R3]^ An important question is whether childhood cognitive deterioration is associated with schizophrenia development risk. When investigating whether the developmental course of cognitive domains represents cognitive deterioration or is more likely to reflect other patterns of cognitive development ([Fig. 1](#F1){ref-type="fig"}), it is necessary to consider changes in raw scores (i.e. number of correct items on an IQ subtest) as well as age-standardised scores (i.e. IQ). The developmental deterioration hypothesis^[@R4],[@R5]^ predicts an absolute loss of previously acquired absolute ability. In contrast, the developmental lag hypothesis^[@R6]^ predicts growth in absolute ability which, however, lags behind the general population rate. Both developmental deterioration and developmental lag result in the decline of age-standardised scores such as IQ and can only be distinguished using raw scores, with the first hypothesis predicting decline in raw score and the second increase in raw score ([Fig. 1](#F1){ref-type="fig"}). The developmental deficit hypothesis on the other hand predicts a static deficit in age-adjusted ability,^[@R7]^ whereby impaired cognition manifests early in development, but the rate of cognitive development is the same as in typically developing individuals. Finally, developmental maturation is characterised by an initial deficit in absolute ability, which decreases with age (i.e. a 'catch-up' effect).

![Descriptions of different models of cognitive development and expectations of raw scores for children with 22q11.2 deletion syndrome (22q11.2DS) and control siblings.](224f1){#F1}

22q11.2 deletion syndrome (22q11.2DS) is one of the strongest known risk factors for schizophrenia with a rate of \~30% reported in adult patients.^[@R8]^ 22q11.2DS affects 1 in 4000 live births and the associated phenotype is highly variable including congenital abnormalities, developmental delay and high rates of childhood psychiatric disorders such as autism, attention-deficit hyperactivity disorder and anxiety.^[@R8],[@R9]^ Studies of children with the deletion provide a unique opportunity to prospectively examine development before schizophrenia onset. Some,^[@R10]--[@R15]^ but not all,^[@R16],[@R17]^ longitudinal studies of cognition in children with 22q11.2DS report evidence of verbal IQ (VIQ) decline. It remains unknown in 22q11.2DS whether cognitive decline represents developmental deterioration in absolute ability or a developmental lag in acquiring absolute ability as no 22q11.2DS study has been able to examine change in IQ subtest raw score across their whole cohort because the same IQ test version has not been administered at both time points and with all participants. Different Wechsler test versions have been used and although similar in design and psychometric properties, raw score performance is not comparable across different test versions. Developmental deterioration and lag are likely to be underpinned by different biological processes, with deterioration indicating a brain degenerative process, whereas a lag may indicate impaired brain developmental processes that manifest through adolescence. Distinguishing these processes is important to understanding the mechanisms underlying cognitive decline in 22q11.2DS.

Studies of cognitive development in 22q11.2DS have suffered other methodological limitations. First, only a few have included a control group.^[@R11],[@R16]--[@R20]^ A control group is needed to account for extraneous methodological factors such as measurement error, regression to the mean, practice effects and the possibility that changes in performance over time represent normal developmental fluctuation. This important point is demonstrated by a study that found that improvement in cognitive performance following antipsychotic medication in patients with schizophrenia was because of a practice effect rather than medication, as this effect was found in healthy controls who were not taking medication ^[@R21]^ Second, studies of children with 22q11.2DS should take account of individual trajectories as well as examining group trajectory, only a few previous studies have considered this.^[@R12],[@R15]^ Adolescence is known to be a period when considerable changes occur in brain structure, function and cognitive development.^[@R22]^ Although IQ is highly stable at the group level in typically developing adolescents,^[@R23]^ there is also evidence of large intra-individual changes over time.^[@R24]^ Individual fluctuations may therefore average out at the group level. These findings indicate that considerable individual change, including possible cognitive deterioration may not be an uncommon occurrence in typically developing adolescents. The interpretation of the cognitive trajectory of 22q11.2DS can benefit from comparison with a typically developing sample. Third, as different aspects of cognition have been associated with schizophrenia risk, a focus solely on the developmental pathway of IQ would give an incomplete picture. Only a few longitudinal studies to date have, however, explored other neuro-cognitive domains in 22q11.2DS^[@R16],[@R20],[@R25]^ and none has examined cognitive deterioration in neurocognitive domains other than IQ.

To date, only two studies, based on The Netherlands nationwide 22q11.2DS cohort, have specifically investigated cognitive deterioration. The authors examined IQ subtest raw scores in a subgroup of their cohort, between ages 7.5 and 9.5 years,^[@R12]^ and 9.5 and 15.3 years,^[@R15]^ and both studies reported that approximately a third exhibited deterioration. However, these studies lacked a control group, so it remains uncertain whether this phenomenon can be specifically attributed to the 22q11.2 deletion. These studies did not investigate other models of cognitive development (developmental lag, deficit, maturation).

The present study presents findings from the Cardiff University ECHO (Experiences of CHildren with cOpy number variants) study longitudinal cohort of children with 22q11.2DS. We address the limitations of previous longitudinal 22q11.2DS studies by including a comparison group of similar-aged, unaffected control siblings, and we administered the same IQ test version and neurocognitive battery to all participants at both waves. The goals of this study were to conduct: (a) a group-level analysis to characterise average cognitive trajectories in 22q11.2DS relative to control siblings and, in particular, to examine whether children with 22q11.2DS on average exhibit cognitive deterioration; (b) to classify trajectories of individuals to investigate if there is a subgroup of children with 22q11.2DS who exhibit cognitive deterioration and whether this differs from controls. Based on findings from The Netherlands nationwide 22q11.2DS cohort, we hypothesised that children with 22q11.2DS would exhibit cognitive deterioration compared with controls.

Method {#S1}
======

Participants {#S2}
------------

The Cardiff ECHO study has assessed individuals with 22q11.2DS longitudinally through childhood and adolescence. In total, 75 of 102 children (73.5%) with 22q11.2DS with baseline assessments were reassessed. The study also assesses control siblings closest in age to the index child, 33 of 49 (67.3%) were reassessed. The mean age of the children with 22q11.2DS at time 1 (*T*~1~) was 9.9 (s.d. = 2.4); time 2 (*T*~2~) = 12.5 (s.d. = 2.3), and 44 (59%) were male. Control siblings at *T*~1~ were aged 10.6 (s.d. = 2.0); *T*~2~ = 13.4 (s.d. = 2.0), and 17 (52%) were male. The gap between *T*~1~ and *T*~2~ was 2.7 (s.d. = 0.5, range 2.0--4.0) years. *T*~1~ and *T*~2~ age did not differ between the 22q11.2DS and control groups (independent *t*-test; *T*~1~, *P* = 0.150, *T*~2~, *P* = 0.060). Baseline and longitudinal recruitment is ongoing, the current study reports on participants recruited and assessed between March 2010 and February 2016. For both children with 22q11.2DS and control siblings reassessment was not associated with gender, baseline age and baseline IQ (online Table DS1).

At *T*~1~ participants were recruited through National Health Service (NHS) medical genetics clinics in the UK, British 22q11.2DS charities Max Appeal and The 22Crew, and rare chromosomal disorder support group Unique. Children with 22q11.2DS were eligible if the 22q11.2 deletion was confirmed via medical genetics clinics and the Division of Psychological Medicine and Clinical Neurosciences laboratory. Inclusion for controls was based on being a biological sibling and not having a diagnosis of 22q11.2DS. Where multiple siblings were present in a family the child closest in age to the index child was invited to take part. All participating children were above the age of 6 years, because our cognitive measures would not be valid at younger ages. We did not exclude children with 22q11.2DS and control siblings based on physical or psychiatric phenotype. Psychiatric assessment details and diagnoses for participants can be found in the online Table DS2 and are consistent with those reported in previous studies.^[@R8],[@R9]^ It is important to note that no individuals had developed psychotic disorder. Informed consent was gained from primary carers and participants. Protocols were approved by NHS Wales Research Ethics Committee.

Assessments {#S3}
-----------

Cognitive test--retest data were available for 69 children with 22q11.2DS and 31 controls. Missingness was variable across cognitive measures ([Fig. 2](#F2){ref-type="fig"}). Age-adjusted scores were derived and transformed to a *z*-score using norms available for each measure. IQ was assessed using the Wechsler Abbreviated Scale of Intelligence (WASI),^[@R26]^ from which full-scale IQ (FSIQ), VIQ and performance IQ (PIQ) were derived. These scores are already age-standardised and we also derived subtest age-adjusted and raw score performance.

![Cognitive development in children with 22q11.2 deletion syndrome (22q11.2DS) relative to control siblings.\
Comparison of cognitive test performance in children with 22q11.2DS compared with control siblings (*z*-scores). a, *P*\<0.001; b, 0.001 \<*P*\<0.05). Full table of scores and 95% CI can be found in online Table DS5. FSIQ, full-score IQ; VIQ, verbal IQ, PIQ, performance IQ.](227f2){#F2}

Neurocognitive domains were assessed using the Wisconsin Card Sorting Test (WSCT)^[@R27]^ where number of perseverative errors measured the set-shifting ability aspect of executive function. The following metrics were derived from performance on CANTAB (Cambridge Neuropsychological Test Automated Battery)^[@R28]^ tests: number of errors on the spatial working memory (SWM) task measured executive function ability; number of problems solved on the Stockings of Cambridge (SOC) task measured spatial planning, another aspect of executive function; five-choice reaction time in milliseconds (RTI) measured processing speed; number of correct items on the match-to-sample task (MTS) task measured visual attention; and a score 0--1 that represents the participant\'s ability to discriminate target stimuli from distractor stimuli on the rapid visual information processing task measured sustained attention. For MTS only raw scores were used because there are no CANTAB norms for this task.

Statistical analysis {#S4}
--------------------

### Aim 1: group-level analysis {#S5}

Cognitive trajectories by age for children with 22q11.2DS and controls were estimated using linear mixed models. The model included age, gender, deletion status, the interaction between age and deletion status and the interaction between gender and deletion status as fixed effects, familial clustering was controlled for by including family number as a random effect and repeated effects (to take account of collinearity, repeated *T*~1~ and *T*~2~ measures included age and cognitive scores) were also included. The magnitude of cognitive deficit (*z*-score) was estimated in children with 22q11.2DS relative to controls, representing the average deficit across time points.

Analysis of raw scores defined the developmental trajectory of cognition in children with 22q11.2DS relative to controls. The effect of the deletion on raw score was tested (main effect of deletion status) as well as whether rate of change in raw score differed between children with 22q11.2DS and controls (interaction between age and deletion status on cognitive score). The direction of change in raw score was considered, a negative change indicated developmental deterioration. For FSIQ, VIQ and PIQ linear mixed models estimated the divergence score per year between children with 22q11.2DS and controls (interaction between deletion status and age on cognitive score). FSIQ, VIQ and PIQ do not have a raw score equivalent as they are composite scores of subtests with differing raw score scales. Findings were used to characterise cognitive development using the criteria described in [Fig. 1](#F1){ref-type="fig"}.

Aim 2: inter-individual analysis {#S6}
--------------------------------

For aim 1, linear mixed-model analysis was conducted to examine deterioration at the group level, but we also wanted to investigate evidence of cognitive deterioration at the individual level. Thus, we explored whether cognitive deterioration occurred in a subgroup of children with 22q11.2DS and, if so, whether this proportion differed from control siblings. To examine this, we classified individuals based on change in raw score. For processing speed, SWM and set-shifting ability the sign of the change score was reversed so that a higher score reflected better performance for these tasks.

First, individuals were categorised based on whether they exhibited a negative change in raw score (\<0). Fisher\'s exact test was conducted to determine whether there were differences in the percentage of children showing cognitive decline between the two groups.

Second, we wanted to investigate whether a negative change in raw score represented reliable cognitive deterioration. If an individual decreased in cognitive raw score by only a couple of points, this could represent measurement error, i.e. chance fluctuation, rather than a real cognitive deterioration effect. To determine if raw score change was reliable, change scores were categorised using cut-offs based on reliable change indices (RCIs).^[@R29]^ These were calculated from the standard error of prediction (SEP = s.d. × (1 − *r*^2^~12~)^1/2^; where s.d. is standard deviation of the measure, and *r*^2^~12~ is the test--retest reliability coefficient of the measure, metrics gained from published values^[@R26],[@R27],[@R30]^), RCI cut-off is plus or minus 1.96 SEP. Fisher\'s exact test was conducted to test whether deletion status was associated with reliable cognitive deterioration. For children with 22q11.2DS we also examined whether reliable cognitive deterioration was associated with meeting criteria for any psychiatric disorder using Fisher\'s exact test.

Results {#S7}
=======

[Table 1](#T1){ref-type="table"} displays cognitive test scores for children with 22q11.2DS and controls at *T*~1~ and *T*~2~.

###### 

Cognitive scores for children with 22q11.2 deletion syndrome (22q11.2DS) and control siblings at time 1 (*T*~1~) and time 2 (*T*~2~)

                                                           22q11.2DS group           Control group                                                                             
  ------------------------------------------------------- ----------------- ------------------------------- ------------------------------- ---- ----------------------------- -----------------------------
  IQ test scores                                                                                                                                                               
      Full-scale IQ (50--160)                                    67              75.7 (12.1) 53 to 109           71.8 (12.9) 51 to 117       31   110.5 (42 to 48) 82 to 138      107.6 (12.8) 75 to 139
      verbal IQ (55--156)                                        67              77.3 (13.8) 55 to 114           73.2 (12.9) 55 to 119       31     110.6 (12.7) 85 to 136        103.9 (13.0) 83 to 136
      Performance IQ (53--157)                                   68              78.2 (11.4) 57 to 103           75.0 (13.6) 54 to 112       31     108.0 (14.8) 75 to 140        110.0 (13.6) 72 to 136
      vocabulary raw score (0--72)                               67               20.5 (9.9) 0 to 47              24.1 (10.8) 1 to 47        31       41.1 (8.3) 20 to 59           45.6 (9.2) 26 to 66
      vocabulary standard score (20--80)                         67               31.3 (9.5) 20 to 59             29.0 (8.9) 20 to 56        31       55.5 (8.8) 34 to 73           50.5 (9.4) 35 to 72
      Similarities raw score (0--48)                             67               13.9 (8.6) 0 to 31              17.8 (8.4) 1 to 36         31       27.6 (4.4) 15 to 35           32.0 (5.1) 20 to 44
      Similarities standard score (20--80)                       67              37.1 (11.4) 20 to 63            34.1 (10.6) 20 to 67        31       57.1 (7.4) 44 to 73           54.3 (7.7) 41 to 69
      Block design raw score (0--71)                             68                7.9 (9.3) 0 to 47              11.8 (12.3) 0 to 64        31       28.4 (16.7) 2 to 66           43.9 (16.7) 8 to 70
      Block design standard score (20--80)                       68               36.7 (8.0) 24 to 60             34.8 (9.3) 21 to 66        31      54.4 (10.6) 34 to 75           56.9 (9.8) 33 to 75
      Matrix reasoning raw score (0--35)                         68                9.4 (6.3) 0 to 25              12.7 (7.6) 0 to 31         31       23.1 (6.3) 3 to 32            26.7 (5.0) 6 to 33
      Matrix standard score (20--80)                             68               34.4 (9.5) 20 to 51            32.1 (11.1) 20 to 59        31       55.0 (9.3) 33 to 75           54.5 (7.8) 25 to 63
                                                                                                                                                                               
  Neurocognitive scores                                                                                                                                                        
      Processing speed raw score (0--∞ ms)                       64          450.8 (181.6) 248.1 to 1225.0   396.5 (154.7) 254.0 to 1352.4   30   357.9 (57.5) 260.1 to 536.6   330.7 (45.5) 263.6 to 440.6
      Processing speed standard score (*z*-score)                64             −0.3 (2.0) −10.7 to 1.9         −0.3 (2.0) −11.9 to 2.0      30      0.6 (0.8) −1.5 to 1.7         0.6 (0.7) −1.0 to 1.7
      Sustained attention raw score (0--1)                       58              0.9 (0.1) 0.6 to 1.0            0.9 (0.1) 0.6 to 1.0        29      0.9 (0.0) 0.8 to 1.0          1.0 (0.0) 0.9 to 1.0
      Sustained attention standard score (*z*-score)             58             −2.4 (2.3) −10.2 to 1.0         −1.8 (2.6) −12.3 to 1.0      29     −0.3 (1.0) −2.7 to 1.3         0.3 (0.7) −1.3 to 1.3
      Spatial planning raw score (0--12)                         63                4.8 (2.1) 0 to 9                5.7 (2.3) 0 to 10         30        7.3 (2.0) 4 to 12             8.5 (1.7) 5 to 12
      Spatial planning standard score (*z*-score)                63             −1.2 (0.9) −3.5 to 0.7          −1.3 (1.1) −4.1 to 0.7       30      0.0 (0.8) −1.5 to 2.1         0.0 (1.1) −2.0 to 2.1
      Spatial working memory raw score (0--∞ errors)             68                59 (15) 29 to 94               53.4 (18.2) 0 to 83        31       38.9 (20.4) 0 to 73           29.6 (17.2) 0 to 74
      Spatial working memory standard score (*z*-score)          68             −1.1 (1.0) −3.6 to 1.2         −1.3 (1.2) (−4.6 to 1.7)      31      0.0 (1.0) −2.0 to 2.1         0.0 (1.0) −2.6 to 1.8
      Set-shifting ability raw score (0--46)                     64               16.0 (10.0) 3 to 46             12.7 (7.6) 2 to 45         30        7.9 (3.1) 3 to 14             6.4 (3.0) 3 to 15
      Set-shifting ability standard score (55--145)              64              89.3 (22.2) 55 to 145           95.8 (20.6) 55 to 145       30     115.2 (20.7) 86 to 145        123.2 (21.5) 84 to 145
      Visual attention raw score (0--48)                         65               39.2 (7.8) 19 to 48             41.6 (7.8) 15 to 48        31       44.7 (3.1) 35 to 48           46.3 (1.8) 42 to 48

Aim 1: group-level analysis {#S8}
---------------------------

Children with 22q11.2DS had significant deficits across all cognitive measures compared with controls. The magnitude of the deficit was domain specific, with SWM, spatial planning and processing speed relatively less impaired than other cognitive measures ([Fig. 2](#F2){ref-type="fig"}). There was no evidence that development of any of the cognitive domains assessed fitted the model of developmental deterioration (online Fig. DS1).

Change over time in VIQ fitted a developmental deficit model as there was no evidence that the trajectories for children with 22q11.2DS and controls diverged (interaction *P* = 0.693, online Fig. DS1(a)). This was the case for both VIQ subtests, vocabulary (interaction *P* = 0.915) and similarities (interaction *P* = 0.314). Change in PIQ over time, however, fitted a developmental lag model as children with 22q11.2DS had a worsening deficit of 2.1 (95% CI 0.7--3.5) PIQ points per year relative to controls (interaction *P* = 0.004) ([Table 2](#T2){ref-type="table"}, online Fig. DS1(a)). Examination of the subtests that comprise PIQ indicated this was driven by block design (interaction *P*\< 0.001) rather than matrix reasoning performance (interaction *P* = 0.185) ([Table 2](#T2){ref-type="table"}). This appears be the result of a floor effect in individuals with 22q11.2DS at *T*~1~ on the block design task (online Fig. DS2(b)), rather than a true developmental lag effect.

###### 

Cognitive development in children with 22q11.2 deletion syndrome (22q11.2DS) relative to controls^[a](#TFN1){ref-type="table-fn"}^

  --------------------------------------------------------------------------------------------------------------------------------------------------------
                              2q11.2DS\     Control\     Interaction\   2q11.2DS group change\     Raw score performance over\            Model
                              group, *n*   group, *n*             *P*  relative to control group     time in 2q11.2DS group     
  -------------------------- ------------ ------------ -------------- --------------------------- ----------------------------- --------------------------
  Standardised scores                                                                                                           

      Full-scale IQ               67           31               0.218          1.0/year                     Increased             Developmental deficit

      Verbal IQ                   67           31               0.693          0.4/year                     Increased             Developmental deficit

      Performance IQ              68           31               0.004          2.1/year                     Increased               Developmental lag

                                                                                                                                

  Raw scores                                                                                                                    

      Vocabulary                  67           31               0.915     No relative change                Increased             Developmental deficit

      Similarities                67           31               0.314     No relative change                Increased             Developmental deficit

      Block design                68           31             \<0.001         Divergence                    Increased               Developmental lag

      Matrix reasoning            68           31               0.185     No relative change                Increased             Developmental deficit

      Processing speed            64           30               0.018         Convergence                   Increased            Developmental maturation

      Sustained attention         58           29               0.304     No relative change                Increased             Developmental deficit

      Spatial planning            63           30               0.674     No relative change                Increased             Developmental deficit

      Spatial memory              68           31               0.098     No relative change                Increased             Developmental deficit

      Set-shifting ability        64           30               0.244     No relative change                Increased             Developmental deficit

      Visual attention            65           31               0.191     No relative change                Increased             Developmental deficit
  --------------------------------------------------------------------------------------------------------------------------------------------------------

Results from linear mixed models (see statistical analysis aim 1). An interaction term of deletion status × age on cognitive score was included. The lack of an interaction indicated a developmental deficit. A positive interaction indicated divergence in cognitive development and therefore either a developmental lag or developmental deterioration, distinguished by a change in 22q11.2DS raw score (full-scale IQ, performance IQ and verbal IQ do not have raw score equivalents so subtest raw scores were examined instead), increased raw score indicated a lag, decreased raw score indicated deterioration. A negative interaction indicated convergence in cognitive development and therefore developmental maturation. This table is a summary of analysis; full scores including 95% CI can be seen in online Table DS3.

Children with 22q11.2DS showed a 1.0 (95% CI −0.6 to 2.4) decline in FSIQ per year compared with controls. However, there was no evidence for an interaction between deletion status and age on FSIQ (*P* = 0.218), representing a developmental deficit model ([Table 2](#T2){ref-type="table"}; Fig. DS1(a)). For processing speed (RTI) there was evidence of developmental maturation (interaction *P* = 0.018; [Table 2](#T2){ref-type="table"}, online Fig. DS1(c)). Change over time for the remaining cognitive domains fitted a developmental deficit model as there was no evidence for divergence in cognitive trajectories between children with 22q11.2DS and controls ([Table 2](#T2){ref-type="table"}, online Fig. DS2(c)).

There was an effect of gender by deletion status (22q11.2DS, control) interaction (*P* = 0.003) on block design performance, however, this was driven by a gender difference in the control group (male--female 26.7, *P* = 0.037) rather than in children with 22q11.2DS average ability; 22q11.2DS (male--female −4.7, *P* = 0.285). For the other cognitive domains, there was no effect of gender.

Online Fig. DS1 shows the trajectories of every participant, providing an indication of the inter-individual differences seen in both children with 22q11.2DS as well as control siblings. For all cognitive measures, the percentage of children with 22q11.2DS who exhibited decline in cognitive performance raw score did not differ from controls (online Table DS4). Furthermore, the percentage of children who exhibited reliable cognitive deterioration did not differ from controls. For the IQ subtests and set-shifting ability there were no children with 22q11.2DS who met the cut-off for reliable cognitive deterioration. In children with 22q11.2DS no relationship was found between deterioration in raw score and the presence of any psychiatric diagnosis at either *T*~1~ and *T*~2~) similarly there was no relation between reliable cognitive deterioration and the presence of any psychiatric disorder at *T*~1~, or *T*~2~ (data not presented).

Discussion {#S9}
==========

Main findings and comparison with findings from other studies {#S10}
-------------------------------------------------------------

This is the first longitudinal study of cognition in 22q11.2DS that has compared different models of cognitive development. We are also the first study of cognitive deterioration in 22q11.2DS that has used a control group. This was possible because of the availability of a control sibling sample and the administration of identical cognitive measures at both time points. This methodology allowed us to explore whether cognitive decline represents a developmental lag or an absolute developmental deterioration. We found that cognitive deterioration is not a developmental feature specific to 22q11.2DS. Across all cognitive domains, we found no evidence that the group trajectory associated with 22q11.2DS represented developmental deterioration. This indicates that on average children with 22q11.2DS do continue to acquire ability and knowledge throughout childhood and adolescence. This is also consistent with findings in the Dunedin cohort, where children who later developed schizophrenia did not exhibit cognitive deterioration.^[@R31]^ The findings suggest that schizophrenia risk is not associated with neurodegenerative brain processes during childhood and adolescence. We also examined individual cognitive trajectories, and found that for IQ subtest performance as well as set-shifting ability none of the children with 22q11.2DS or controls met criteria for reliable cognitive deterioration. There were children with 22q11.2DS who exhibited reliable cognitive deterioration in processing speed, attention domains, spatial planning and SWM. However, our ability to compare children with 22q11.2DS with their siblings leads us to conclude that the reliable cognitive deterioration we found was not specific to children with 22q11.2DS, as the prevalence of reliable cognitive deterioration in children with 22q11.2DS did not differ from siblings. Large individual cognitive changes have been reported in adolescence in the typically developing population.^[@R24]^ This suggests our findings in children with 22q11.2DS reflect developmental changes that are common to all adolescents.

Cognitive deterioration was not found to be related to the presence of psychiatric disorder, which is consistent with findings from The Netherland\'s cohort.^[@R12],[@R15]^ To define reliable cognitive deterioration, we used cut-offs to determine if raw score changes were above and beyond change because of measurement error. This approach indicated that although some children with 22q11.2DS exhibit a decrease in raw score on IQ subtests, it was not at a greater magnitude than what can be attributed to measurement error. Some authors have recommended regular IQ testing for children with 22q11.2DS to identify children who exhibit cognitive deterioration and may therefore possibly be at risk of developing psychosis,^[@R32]^ however, our comparisons of children with and without the deletion indicate that the large fluctuations over time as well as the lack of reliable change may mean the results of such tests will be difficult to interpret. We found that children with 22q11.2DS have significant impairment across all cognitive domains, however, we do not find persuasive evidence that they show a decline in cognition. Because we used a case--control design we could establish that VIQ does not decline relative to control siblings, but that instead a static developmental deficit was present. Although our findings differ from previous 22q11.2DS studies, our findings show striking consistency with premorbid verbal cognitive development observed in individuals from the population-based Dunedin cohort who later developed schizophrenia.^[@R31]^ It should be noted that within both 22q11.2DS and control sibling groups there was VIQ decline, but as the magnitude was similar, we do not find relative decline in children with 22q11.2DS. This could indicate that our controls are not representative, however, this phenomenon of decline in verbal ability in controls is not uncommon within the schizophrenia literature.^[@R3]^ This emphasises the importance of a case--control design as this allows extraneous factors such as measurement error, regression to the mean and practice effects to be taken into account when interpreting cognitive change.

Children with 22q11.2DS also exhibited developmental deficits in various aspects of executive function and attention. We found that the magnitude of the cognitive deficits in children with 22q11.2DS was domain specific; deficits in spatial planning and SWM aspects of executive function and processing speed were relatively less impaired than IQ, attention and set-shifting ability. This is consistent with a cross-sectional study of 22q11.2DS that reported greater deficits in complex cognition and relative strengths in working memory and spatial processing.^[@R33]^ We found developmental maturation for processing speed, suggesting childhood deficits in this domain reduce through adolescence. This mirrors longitudinal findings from a typically developing cohort whereby children who develop psychotic experiences have initial deficits but subsequently 'catch-up' in processing speed ability.^[@R34]^ We found that PIQ appears to decline 2.1 PIQ points per year relative to controls, which would indicate a developmental lag. However, closer examination at subtest raw score performance suggests this is unlikely to represent true cognitive decline. The developmental lag in PIQ was driven only by a developmental lag in the block design subtest that appears to be the result of a floor effect. At *T*~1~ many individuals in the 22q11.2DS group were scoring at the floor of the subtest, which artificially deflated the relative deficit between individuals with 22q11.2DS and controls at *T*~1~ thus giving the impression of a developmental lag across time. This points to another advantage of the opportunity to examine raw cognitive scores. Previous longitudinal studies of cognition in both the schizophrenia and 22q11.2DS literature that report either cognitive decline/or developmental lags have not always examined raw scores and therefore would not have been able to identify such possible floor effects. Standard IQ measures may not be the most suitable for assessing longitudinal cognitive change in individuals with cognitive impairments who are more likely to perform at the floor of the cognitive range these measures assess. We believe it would be helpful if more studies would present information on variation in both individual as well as average trajectories (online Fig. DS1). Unlike previous studies^[@R12],[@R35]^ we did not find any evidence of gender differences in cognitive development in children with 22q11.2DS.

Overall, our finding of developmental deficits and maturation in 22q11.2DS highlights that although children with 22q11.2DS have significant cognitive impairment, they acquire new knowledge and cognitive ability throughout childhood and adolescence at a rate that is not lower than in typically developing children. The presence of developmental deficits suggests that cognitive impairment in 22q11.2DS emerges very early in development, consistent with the neurodevelopmental hypothesis of schizophrenia. The cognitive changes captured by our study are not because of the development of psychosis as no individual met criteria for psychotic disorder at either time point.

Limitations {#S11}
-----------

This study has limitations; the average time gap between the two waves of study was only 2.7 years, which may have been too short to detect cognitive deterioration. However, the time gap is similar to a previous 22q11.2DS study that detected cognitive change.^[@R12]^ However, it could be argued that a longer time gap between the cognitive assessments could have the effect of averaging out the effects of a series of large dynamic changes in cognitive development. In terms of variability in age at each time point, our cohort is similar to other longitudinal studies of 22q11.2DS, but not as narrow as The Netherland\'s cohort that investigated cognitive deterioration;^[@R12],[@R15]^ our findings are therefore comparatively less developmentally specific than those reported in that cohort. Also, our findings cannot be extrapolated to older age ranges where cognitive deterioration associated with the development of psychotic disorder may occur. The domain-specific effects reported could also be because of differences in the psychometric properties of the cognitive measures.^[@R36]^ A limitation of our study, which represents a general problem within this field, is that scores at the low end are likely to be less valid.^[@R37]^ When norms are developed for cognitive tests there is often limited standardisation for individuals with low ability. Another important consideration is that we have assumed in analysis that raw scores lie on a linear scale whereby intervals between scores are equivalent, whereas this may arguably be less likely for low scores. Linear mixed-models analysis allowed us to examine cognitive trajectories from ages 6 to 17. However, a potential issue is that there may be cohort effects, in that younger children in the study may differ in extraneous factors from older individuals. Finally, there is a limit to what we can conclude from two waves of assessment; a third wave of assessment will be important to establish whether the reported trends remain present.

Implications {#S12}
------------

Utilisation of control groups is paramount when defining the phenotypic effect of a copy number variant; when we compared the children with 22q11.2DS with control siblings we found no evidence that cognitive deterioration is a developmental feature specific to 22q11.2DS and we did not replicate previous findings of VIQ decline in 22q11.2DS. Although our conclusions contrast with previous 22q11.2DS studies, they are consistent with patterns observed in childhood in individuals with schizophrenia who do not carry the 22q11.2 deletion, supporting the conclusion that 22q11.2DS is a representative model for characterising cognitive development associated with schizophrenia risk.

Developmental deficits and lags in cognitive development are a core feature of childhood neurodevelopmental disorders.^[@R38],[@R39]^ Future work should disentangle whether patterns of cognitive development are specific to schizophrenia risk or are related to the known shared aetiology between schizophrenia and childhood neurodevelopmental disorders. It has been suggested that repeated monitoring of cognitive function to detect decline and thereby identifying those at risk of psychosis should be an integral part of managing young people with 22q11.2DS,^[@R10]^ many of whom will be under the care of child and adolescent mental health services because of the high prevalence of childhood psychiatric disorders.^[@R9]^ Although cognitive assessment is important for informing the educational needs of a child with 22q11.2DS^[@R40]^ and should be strongly encouraged, our findings suggest that it may be premature to recommend that such assessments are used to identify children at high risk of psychosis. We would not be comfortable nor feel confident in predicting which children from our cohort, who are yet to enter the period of psychosis development, are at greatest risk based on their cognitive change scores. We found no children with 22q11.2DS exhibited reliable deterioration in IQ subtest raw scores. Our findings suggest that more research is needed before cognitive assessment can be used to identify children with 22q11.2DS who are at high risk of developing psychosis.
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